Methamphetamine (METH) is a widely abused amphetamine analog. Few studies have investigated the molecular effects of METH exposure in adult animals. Herein, we determined the consequences of an injection of METH (10 mg/kg) on transcriptional effects of a second METH (2.5 mg/kg) injection given one month later. We thus measured gene expression by microarray analyses in the nucleus accumbens (NAc) of 4 groups of rats euthanized 2 hours after the second injection: saline-pretreated followed by saline-challenged (SS) or METH-challenged (SM); and METH-pretreated followed by salinechallenged (MS) or METH-challenged (MM). Microarray analyses revealed that METH (2.5 mg/kg) produced acute changes (1.8-fold; P,0.01) in the expression of 412 (352 upregulated, 60 down-regulated) transcripts including cocaine and amphetamine regulated transcript, corticotropin-releasing hormone (Crh), oxytocin (Oxt), and vasopressin (Avp) that were upregulated. Injection of METH (10 mg/kg) altered the expression of 503 (338 upregulated, 165 down-regulated) transcripts measured one month later (MS group). These genes also included Cart and Crh. The MM group showed altered expression of 766 (565 upregulated, 201 down-regulated) transcripts including Avp, Cart, and Crh. The METH-induced increased Crh expression was enhanced in the MM group in comparison to SM and MS groups. Quantitative PCR confirmed the METHinduced changes in mRNA levels. Therefore, a single injection of METH produced long-lasting changes in gene expression in the rodent NAc. The long-term increases in Crh, Cart, and Avp mRNA expression suggest that METH exposure produced prolonged activation of the endogenous stress system. The METH-induced changes in oxytocin expression also suggest the possibility that this neuropeptide might play a significant role in the neuroplastic and affiliative effects of this drug. 
Introduction
Methamphetamine (METH) is an indirect agonist that induces the release of dopamine (DA) in brain regions that receive projections from the substantia nigra pars compacta and the ventral tegmental area [1] [2] [3] . These brain regions include the nucleus accumbens and the dorsal striatum. METH administration also influences striatal gene expression in animals with normal dopaminergic innervation [4] [5] [6] . The METH-induced transcriptional changes in the dorsal striatum include increases in the expression of various immediate early genes (IEGs) including c-fos and Egr families of transcription factors, neuropeptides including neurotensin, and genes that participate in either toxic or protective cascades such as heat shock proteins and genes involved in endoplasmic reticulum stress, depending on the doses of METH used [5] [6] [7] [8] [9] . We have shown, in addition, that some of these changes can be attenuated by DA receptor antagonism [6] [7] [8] or repeated METH injections [5] . Nevertheless, these studies had only included very short-term biochemical or transcriptional effects of the drug and focused mainly on the dorsal striatum. Moreover, although the acute changes in METH-induced gene expression [7] and the toxic effects of the drug [6, 8, 10] have been extensively investigated in the dorsal striatum, very few papers have reported on the potential long-term behavioral and/or biochemical effects of a single injection of moderate doses of the drug. For example, Xi et al. [3] have shown that a single METH (10 or 20 mg/kg) injection can increase cocaine self-administration measured several days after the METH injection, thus documenting long-term behavioral effects of the drug. They showed that these METH doses also impacted the biochemical effects of cocaine in the nucleus accumbens [3] . More recently, Martin et al. [11] investigated the biochemical and molecular effects of a single METH (20 mg/kg) injection and identified substantial timedependent changes in gene expression, histone acetylation, and expression of histone deacetylases (HDACs) in the NAc. We are, however, not aware of any study that has investigated the molecular effects of re-exposing rats to METH after a long period of abstinence following the injection of a single moderate but nonlethal dose of the drug. Moreover, to our knowledge, there is no study of the long-term effects of single or multiple exposures to the drug on global gene expression in the rat NAc, given the importance of that structure in reward mechanisms [12, 13] .
Repeated injections of psychostimulant are the most often used model to examine the long-term effects of these drugs [14] . These studies have reported substantial activation of the mesolimbic dopaminergic projections [15] . However, there is evidence that even a single dose exposure can cause long-term alterations in dopaminergic systems, neuroendocrine, and physiological effects in rodents [16] [17] [18] [19] . Specifically, Peris and Zahniser [17] showed that a single injection of cocaine caused potentiation of amphetamine-induced DA release from rat striatal slices. In rats, a single prior cocaine injection augmented a second cocaine injectioninduced striatal DA release measured one week later [16] . Vanderschuren et al. [19] showed that the injection of a larger dose of amphetamine (5 mg/kg) injection also potentiated the biochemical effects of the injection of a second smaller dose of amphetamine (1 mg/kg) given 3 weeks later. Thus, when taken together with the behavioral and biochemical effects reported after a single METH pre-exposure [3] , the possibility existed that a single METH injection might cause long-term biochemical and molecular changes in the rat NAc. We also tested the idea that such a moderate dose of METH might potentiate the molecular effects of the injection of a second lower dose of the drug in a fashion previously reported after a similar pattern of amphetamine injections [19] . In order to address these questions further, we used a two-dose METH exposure paradigm similar to that used by Vanderschuren et al. [19] to measure the effects of METH on gene expression in the NAc by using both microarray and quantitative PCR analyses. Thus, the purpose of the present paper was three fold. First, we sought to determine the acute effects of a single METH dose (2.5 mg/kg) on global gene expression in the NAc. We have previously shown that similar doses of METH can cause substantial changes in gene expression in the dorsal striatum [4, 20] but, to our knowledge, there are no similar data on the effects of similar doses of METH on global gene expression in the NAc. The second purpose of the study was to investigate the longterm effects of a moderate METH dose (10 mg/kg) in that brain structure. The studies that have investigated the effects of larger doses of METH (20-40 mg/kg) have reported on relatively shortterm transcriptional effects of the drug on the cortex [6, 9, 21] . This issue is also important because we have shown that a single moderate dose of the drug can have long-term behavioral and biochemical effects [3, 22] , results that suggest the possibility of long-lasting transcriptional effects of the drug. The third aim of the paper was to test if the single moderate dose of the drug could influence the transcriptional effects of a lower dose of the drug given one month later. We and others have reported that repeated injections of METH can attenuate the IEG [5, 20] , toxic [23] , and biochemical [24] responses to either smaller or larger doses given within a few hours after the end of the repeated METH injections. Frankel et al. [25] had also reported that a prior injection of a larger METH dose caused a potentiated locomotor response to a lower dose of the drug. Taken together, the literature suggests prior exposure to METH can influence subsequent exposure to a lower dose of the drug. However, we are not aware of any studies that have measured acute METH-induced changes in gene expression in the NAc after a long delay from an initial METH exposure. The present study was meant, in part, to fill that gap. These types of studies might be relevant to the effects of the drug on the brains of patients who go back to using drugs after long periods of abstinence.
In addition to measuring global gene expression, we used Ingenuity Pathway Analysis (IPA) to identify networks and canonical pathways that might be perturbed after injections of the drug. Our study reveals that a moderate dose of METH (10 mg/kg) can cause long-lasting changes in the mRNA expression of several neuropeptides including CRF, CART, AVP, and OXT in the NAc. Moreover, we showed that a prior exposure to METH (10 mg/kg) significantly influenced the acute transcriptional effects of a second delayed smaller dose of the drug (2.5 mg/kg) injection. These results are discussed in view of their support for the potential involvement of these neuropeptides in the psychostimulant-induced molecular neuroadaptations in the NAc.
Results

Monoamine levels in the NAc
In order to investigate the effects of METH pretreatment, we performed HPLC analyses in four experimental groups: salinepretreated and saline-challenged (SS) (n = 4); saline-pretreated and METH-challenged (SM) (n = 8); METH-pretreated and salinechallenged (MS) (n = 9); and METH-pretreated and METHchallenged (MM) (n = 9). Table 1 shows the effects of METH on monoamine levels in the NAc of these rats. There were no significant differences in DA and 3, 4-dihydroxyphenylacetic acid (DOPAC) between the SS and MS groups. There were nonsignificant increases (+63%, P = 0.076) in homovanillic acid (HVA) levels in the MS in comparison to the SS group. The acute METH injection caused significant increases in DA and HVA levels in the saline-(SM) (+31.6% and +75%, respectively) and METHpretreated (MM) (+40.8% and +98%, respectively) groups in comparison to the SS group. In addition, DA levels were significantly higher in the MM (+24.5%) in comparison to the MS group. There were no significant differences in DA, DOPAC, or HVA levels between the SM and MM groups. Serotonin (5-HT) and 5-hydroxyindole acetic acid (5-HIAA) levels were not significantly affected by any of the METH treatments.
Microarray analyses in the NAc
In order to identify genes that are different between the four experimental groups (4 rats in SS; 6 rats in SM; and 7 rats in each MS and MM groups, see Table S1 in File S1), we performed microarray analyses using Rat Illumina arrays that contain 22,523 probes. The microarray data have been deposited in the NCBI database: GEO accession number GSE46717. We used a cut-off The values represent means + SEM (ng/mg tissue) per group saline-pretreated and saline-challenged (SS) (n = 4); saline-pretreated and METH-challenged (SM) (n = 8); METH-pretreated and saline-challenged (MS) (n = 9); and METHpretreated and METH-challenged (MM) (n = 9 [4] [5] [6] 8] . Pathway analysis using the IPA program identified several networks in which the METH-regulated genes participate. These include cell signaling, cell-to-cell signaling and interaction, nervous system development, and endocrine system functions. Top canonical pathways include G-Protein-coupled receptor signaling. Figure 2 shows a network that contains genes that are involved in cell signaling, CRH signaling and other endocrine functions. The activation of these endocrine signaling pathways after METH supports the suggestions that various peptide neurotransmitters might be involved in both the acute and long-term effects of drugs of abuse [26, 27] see discussion below). Figure 2 also provides evidence of METH induced regulation of genes connected to transcription regulation. These observations are consistent with those reported by several groups of investigators who had performed microarray analyses in forebrain dopaminergic projection areas of rodent brains [7] [8] [9] 11, [28] [29] [30] [31] . Table 2 also shows a list of genes that were differentially expressed one month after a single injection of METH (10 mg/kg) (MSvSS comparison). The list includes Cckar (cholecystokinin A receptor) (6.58-fold), Cart (5.65-fold), Crh (4-fold), and Gnrh1 (3.56-fold) that showed increased mRNA levels. Interestingly, there was METH-induced down-regulation of Cck (23.43-fold) in that group (see Table 3 and Fig. 3A ). Of interest is the fact that, in the MS group, there were no increases in the expression of any IEGs that were affected in the SM group. The present observations are consistent with those of a previous report that the induced IEG expression caused by METH (20 mg/kg) had reverted to normal by 16 hours after the drug injection [11] . IPA revealed that the genes whose expression was affected by the METH injection participated in cell death mechanisms, inflammatory responses, and endocrine functions. The activation of genes involved in death mechanisms and in inflammatory responses is consistent with previous data that have shown that METH can cause neurodegenerative changes [8, 10] and increased expression of neuroinflammatory markers [32, 33] . Canonical pathways of interest also included cAMP-mediated signaling, CRH signaling, and genes that are involved in the regulation of synaptic long-term potentiation. These observations are consistent with the fact that psychostimulant can cause prolonged changes in synaptic plasticity [34, 35] . IPA also identified networks of genes that are involved in cellular growth and proliferation (Fig. 3A) and in endocrine system disorders (Fig. 3B) . The potential involvement of these genes and pathways in the acute and chronic effects of psychostimulant is discussed below (see also [27, 36] ).
The classes of genes that are differentially expressed in the MMvSS comparison are described in Table 2 . That list includes Avp (15.99-fold), Oxt (14.91-fold), Crh (7.33-fold), and Cart (4.97-fold) that were upregulated. Several IEGs were also induced in that comparison. The genes affected in that group are involved in development and function of endocrine systems, cell signaling, and molecular transport. Figure 4A shows a network of genes involved in cell signaling and molecular transport whereas figure 4B shows a network that contains genes involved in development and endocrine functions. Canonical pathways affected by this treatment paradigm include cAMP-mediated signaling and CRH signaling. The potential role of some of these genes and pathways in METH-induced neuroadaptations is discussed below. Table 4 shows some genes that were affected in the MMvMS comparison. These genes include Npas4 (4.09-fold), c-fos (3.84-fold), Nr4a3 (2.87-fold), Arc (2.09-fold), and Crh (1.83-fold) that were upregulated. These IEGs were also up-regulated in the SMvSS comparison but showed normal mRNA levels in the MS group. The fact that they are also significantly increased in the MMvSS and MMvMS comparison indicates that their responses Figure 1 . A single injection of METH (10 mg/kg) caused longlasting changes in gene expression in the rat nucleus accumbens. The Venn diagram shows the overlap of genes in the four comparisons described in the text: SMvSS, MSvSS, MMvSS, and MMvMS. The rats were treated as described in the text and the animals were euthanized 2 hours after the second injection of either saline or METH. The microarray experiments were performed as described in the method section. Genes were identified as differentially expressed if they showed greater than+1.8-fold changes at P,0.01, using the GeneSpring statistical package. doi:10.1371/journal.pone.0084665.g001 to the second acute injection of METH were not significantly affected by the prior injection of the larger METH dose given one month earlier. This is in contrast to the observation for Crh that showed increased expression in the MS group, with a further potentiated response in the MMvMS comparison. Genes with altered gene expression participate in inflammatory responses, endocrine system disorders, cell signaling, and nervous system development. Canonical pathways included ERK/MAPK signaling and CRH signaling.
Quantitative PCR analysis
We used qPCR to confirm the changes in gene expression of some genes of interest. Figure 4 shows METH-induced changes in mRNA levels for Crh and its receptors (4 rats in SS; 6 rats in SM; 7 rats in each MS and MM groups respectively). A single injection of METH (2.5 mg/kg) caused significant increases (5.7-fold) in Crh mRNA levels (Fig. 5A ) in saline-pretreated rats (SMvSS). Similar increases (6.0-fold) were observed in rats that had been injected with an injection of METH (10 mg/kg) a month earlier (MSvSS). As per the array data, the injection of the smaller METH dose caused further increases (11.6-fold) in Crh expression in rats pretreated with METH (10 mg/kg dose) a month earlier, with increases in the MMvSS comparison being significantly higher than in the SMvSS and MSvSS comparisons (Fig. 5A) . We also measured the expression of CRH receptors after the METH injections. Acute METH caused significant increases Crhr1 mRNA levels in saline-pretreated (1.8-fold, SMvSS) and in METHpretreated (1.8-fold, MMvSS) rats (Fig. 5B ). There were also increases (2.2-fold) in the animals that had received the larger METH dose a month earlier (MSvSS, Fig. 5B ). Interestingly, we observed significant greater increases in Crhr2 mRNA expression in the SMvSS (,5-fold), MSvSS (4.5-fold), and MMvSS (6.5-fold) comparisons (Fig. 5C ) than those observed for Crhr1 expression (compare Fig. 5B to 5C ). Figure 6A shows that there were increased Avp mRNA expression in the SMvSS (7.2-fold), the MSvSS (3-fold), and MMvSS (3.5-fold) comparisons. METH injections also caused increased oxytocin expression in SMvSS (3.9-fold), MSvSS (5.3-fold) and MMvSS (3.7-fold) (Fig. 6B) . The single METH (10 mg/ kg), given one month earlier caused greater changes in Cart expression in the MSvSS (8.8-fold) comparison than those observed in the SMvSS (6.2-fold) and MMvSS (4.7-fold) (Fig. 6C ) comparisons. Figure 6D shows the effects of METH on Gnrh1 expression. As per the array data, acute METH increased GnRH1 in the SMvSS (5.4-fold) and MMvSS (7.7-fold) comparisons. The single injection of the larger METH dose also caused long-lasting The animals were treated and microarray analyses were performed as described in the text. The number listed in bold under the representative columns (SMvSS, MSvSS, MMvSS) identify genes whose mRNA were significantly increased according to the following criteria: greater than +1.8-fold, p,0.01. In some cases, values that are greater than 1.8-fold are not in bold because they did not reach the p value cut-off for the microarray analysis. doi:10.1371/journal.pone.0084665.t002
changes in Gnrh1 expression in the MS (6.3-fold) group. The changes in Gnrh1 expression in the MMvSS comparison were significantly higher than those observed in the SMvSS, suggesting that the previous METH injection had enhanced the effects of the second METH injection. Importantly, a correlation analysis revealed a significant positive correlation (r = 0.70, p = 0.000006) between the microarray and qPCR data (Fig. 7) .
Discussion
The present study shows that an acute METH (2.5 mg/kg) injection can cause differential changes in gene expression in the rat NAc. The transcriptional profiles observed after the METH injections indicate that METH can induce the expression of several genes that participate in the control of transcription and cAMP signaling in the NAc. These findings are consistent with the fact that METH exerts its effects, in part, by releasing DA followed by stimulation of DA D1 receptors that are linked to cAMP activation [6, 7] . In fact, use of the DA antagonist, SCH23390, produces substantial inhibition of the acute transcriptional effects of METH [6, 7] . We also show, for the first time, that a moderate dose of METH (10 mg/kg) can have long-lasting effects on gene expression in the NAc. Pre-exposure to this METH dose influenced METH-induced changes in the expression of many genes upon re-exposure of the rats to a smaller METH dose given a month later. For example, prior exposure to METH led to the potentiation of increased Crh mRNA expression induced by a second METH injection. Taken together, these METH-induced alterations in gene expression in the NAc support the notion that METH can exert pleiotropic effects in the brain [4, [6] [7] [8] . This conclusion is consistent with results of the pathway analyses that identified METH-induced changes in canonical pathways related to cell-to-cell communication, endocrine functions, and inflammatory responses. The identification of these pathways is of interest and adds to the literature that suggests addiction to psychostimulant involves perturbations in synaptic pathology in a number of neurotransmitter systems [35] , resulting, in part, from drug-induced transcriptional changes in the brain [37, 38] .
Although drug-induced sensitization has been studied mostly in models where repeated injections of psychostimulant are given [14] , considerable evidence exists to suggest that a single injection of drugs of abuse can cause long-term neurochemical, neuroendocrine, and physiological effects in rodents. For example, enhanced amphetamine-induced striatal DA release was reported after a single injection of either amphetamine [18] or cocaine [17] . A single cocaine injection enhanced NAc DA release in response to a second cocaine injection given a week later [16] . A single in vivo exposure to cocaine can cause prolonged long-term potentiation in NAc neurons [34] [28] . A single higher dose of cocaine (20 mg/kg) also enhanced the response to a second dose of cocaine (10 mg/kg) and enhanced the expression GluR1 and GAP-43 mRNA in the NAc [39] . Similar observations have been reported in response to a two-injection pattern of amphetamine administration [19] in a paper that uses a paradigm similar to the METH injection schedule used in the present study. These authors reported enhanced biochemical effects of a second amphetamine (1 mg/kg) injection after prior exposure to the drug (5 mg/kg) [19] . Together, these reports are consistent with our finding that the prior injection of a moderate dose of METH (10 mg/kg) caused enhancement of the increased Crh mRNA expression induced by the administration of a lower METH dose (2.5 mg/ kg). CRH/CRF is a 41 amino acid peptide that was identified as a hypothalamic releasing factor that stimulated the secretion of adrenocorticotropic hormone (ACTH) and beta-endorphin [40] , and of corticosterone [41] . Subsequent studies also demonstrated that CRH [42] [43] [44] and CRH receptor proteins and mRNAs [45] [46] [47] [48] are widely distributed in the central nervous system (CNS).
These observations suggest that CRH and its receptors might serve to integrate physiological responses to stressful stimuli [49] [50] [51] . Our findings that METH can cause increased mRNA expression of Crh and of its receptors (Crfr1/Crhr1 and Crfr2/Crhr2) are consistent with reports that both Crh and Crhr1 mRNA levels are increased by stress [52] [53] [54] and by intracerebral administration of CRH itself [55, 56] . Our results are also consistent with previous data that had implicated the CRH system in METHinduced locomotor effects [57, 58] . Our data are also in line with the reported activation of the hypothalamic-pituitary-adrenal (HPA) axis by various drugs of abuse [59] . Our observations of METH-induced Crhr1 and Crhr2 expression are also consistent with a previous report that Crhr1 gene expression in limbic brain regions is important to neuroendocrine responses to stress [60] and with the fact that Crhr2-mutant mice are more sensitive to stress [61] . Interestingly, we found that METH caused greater increases in Crhr2 than in Crhr1 expression in all three groups of METHtreated rats. These observations are consistent with those of other investigators who had reported differential responses in Crhr1 and Crhr2 expression associated with stress, with CRHR1 being internalized and CRHR2 being recruited to the cell membrane [62, 63] . They are also consistent with reports that chronic cocaine facilitates the electrophysiological effects of CRHR2 stimulation [64, 65] . Importantly, our observations of METH-induced increased Crh and Crhr mRNA expression are in agreement with previous results that a single injection of amphetamine (1 mg/kg) induced time-dependent sensitization of the HPA axis such that, by 1-3 weeks after a prior injection of amphetamine (5 mg/kg), there was an augmented secretion of ACTH and corticosterone consequent to a second injection of amphetamine (1 mg/kg) [19] . When taken together with previous findings, the present observations add more support to the accumulating evidence that disturbances in CNS stress response systems might play an important role in long-term molecular adaptations consequent to psychostimulant exposure [27] . Our findings might also be relevant to stress-and drug-induced reinstatement of drug taking, with differential involvement of various limbs of these neuroendocrine cascades being more or less involved in certain aspects of addictive behaviors [66, 67] . Together with our observations of METH-induced greater changes in Crhr2 than in Crhr1 expression, the reviewed literature implicates both CRH receptors in the behavioral and physiological effects of psychostimulant, with CRHR2 playing a more prominent role that it had been assigned so far [68] .
We found that the METH (10 mg/kg) injection caused longlasting increases in Avp mRNA levels. Arginine vasopressin (AVP), Figure 3 . A METH (10 mg/kg) injection caused delayed changes in a network of genes involved in (A) cellular growth and proliferation and (B) in endocrine system regulation. This network of related genes was generated as described in figure 2 . Relationships between genes are also described in figure 2. The rats were injected with METH (10 mg/kg) and were euthanized 2 hours after an injection of saline one month later. The genes were from the MSvSS comparison shown in figure 1. Several neuropeptides of interest including Cart and Crh (Crf) are upregulated one month after the single METH injection (B). In addition to the many upregulated genes, the figure 2A also shows that METH caused down-regulation of Cck mRNA one month after its injection. doi:10.1371/journal.pone.0084665.g003 one of the first identified neuropeptides, is found predominantly in the hypothalamus [69] . AVP is located in other brain regions including the NAc [70] where it interacts with specific AVP receptors [71, 72] . AVP also interacts with the HPA axis, the extended amygdala, and monoaminergic systems [73] . AVP is coregulated with CRH [53] and AVP-expressing hypothalamic neurons co-express CRHR1 and CRHR2 receptors [74] , results that support the co-involvement of CRH and AVP in stress responses [75, 76] . This discussion is consistent with the pathway analysis that shows a direct interaction of AVP and CRH (Fig. 2) . Interestingly, the IPA also shows that both peptides are linked to the expression of the IEGs, c-fos and Creb, whose mRNAs are also induced by the acute METH injection (Fig. 2) . Moreover, our findings of increased Avp mRNA expression are consistent with reports that administration of another stimulant, cocaine, can increase Avp mRNA in the NAc [70] . Avp mRNA is increased within 3 hours after cessation of chronic cocaine administration (3615 mg/kg per day for 14 days) [77] and the increased mRNA expression persists for several weeks during protracted withdrawal from escalating-dose cocaine administration [78] . In addition to the effects of cocaine, stimulation of the mesolimbic system by local injection of a substance P analog into the ventral tegmental area also induces AVP release [79, 80] , indicating that this neuropeptide might indeed be an important mediator of some of the physiological effects of psychostimulant since these drugs exert their varied effects through stimulation of monoaminergic systems [1] [2] [3] . This suggestion is consistent with the demonstration that AVP and its analogues can reduce cocaine self-administration in rats [81, 82] . Taken together with cocaine administration results, our observation of METH-induced prolonged increases in Avp mRNA levels supports the notion that AVP might also participate in neuroadaptive responses triggered by repeated exposure to psychostimulants. CART is another peptide whose mRNA expression was induced in the different groups of METH-injected rats. CART is a neuropeptide that was discovered using PCR differential display as a rat brain mRNA that responded to cocaine and amphetamine [83, 84] . CART is distributed throughout the brain The animals were treated and microarray analyses were performed as described in the text. The number listed in bold under the representative columns (SMvSS, MSvSS, MMvSS) identify genes whose mRNA were significantly increased according to the following criteria: lesser than 21.8-fold, p,0.01. In some cases, values that are greater than 21.8-fold are not in bold because they did not reach the p value cut-off for the microarray analysis. doi:10.1371/journal.pone.0084665.t003 [84] and is thought to be relevant to the effects of psychostimulants on the reward system in the brain [36, [85] [86] [87] [88] [89] [90] . CART also participates in stress responses [91, 92] . Of considerable interest to our present observations is the report that CART can activate the HPA axis through a CRH receptor-dependent mechanism [93] . Thus, together with the observed changes in Crh and Avp mRNA expression after the METH injections, the METH-induced increased Cart mRNA expression suggests that METH can cause coordinated changes in the expression of neuropeptides that modulate stress responses in the brain. Similar observations have been made in response to other stressful events [94, 95] . The acute and prolonged changes in Oxt expression caused by METH are also of singular interest. Oxytocin (Oxt) is a nanopeptide [96] that is involved in affiliative [97] , grooming [98] , maternal [99] , pair bonding [100] , and other complex behaviors [101] [102] [103] [104] . Our observations of METH-induced changes in Oxt expression are consistent with those of several studies that have now reported the potential involvement of Oxt in the behavioral and biochemical effects of psychostimulants [105, 106] . For example, it has been reported that Oxt is itself rewarding when tested in the conditioned place preference (CPP) paradigm [107] . In contrast, Oxt reduced cocaine-induced hyperactivity [108] , stereotypy [109] , and self-administration [110] . More recent studies have provided evidence that Oxt can decrease METH-induced hyperactivity [111] , CPP [112, 113] , METH self-administration [114] , and relapse to METH-seeking behaviors [114, 115] . Oxt also decreased METH-induced activation of the subthalamus nucleus and of the NAc core [116] .
Although not yet completely elucidated, these effects of Oxt on METH-induced behaviors are probably due, in part, to its effects on the dopaminergic systems since Oxt can reduce METHinduced DA release in the NAc [111] and serve as a neuromodulator of dopaminergic functions in various behavioral models [117, 118] . When taken together with our present findings, the reviewed literature supports the idea that more studies of this important neuromodulatory system are warranted in models of drug addiction [106] . In view of the observed effects of METH on both Oxt and Avp expression, it will be important to dissect the specific role of each peptide in drug addiction because they are both involved in the modulation of various mammalian behaviors [99, 102, 119] .
In summary, this is the first demonstration that a single injection of a moderate METH dose can cause long-lasting alterations in gene expression in the NAc. These changes include prolonged overexpression of mRNAs that code for several neuropeptides including AVP, CART CRH, CART, and OXT that are involved in multipronged neuroendocrine responses to environmental stimuli stress and affiliative interactions. The augmented responses in CRH transcript expression suggest that the peptide might also play important roles in the molecular events that drive plastic alterations in the NAc in response to METH exposure, in a fashion consistent with stress-induced dynamic changes in the brain [51] . More studies are needed to further dissect the role of these neuropeptides in molecular neuroadaptations that are consequent to repeated drug exposure. The impact of these changes within specific cell types within the NAc core and shell subregions will also need to be elucidated.
Materials and Methods
Animals, drug treatment, and tissue collection
Male Sprague-Dawley rats (Charles River Labs, Raleigh, NC, USA), weighing 375625 g, were used in the experiments. Rats were housed in a temperature-controlled (22.2+0.2uC) room with free access to food and water. All animals were allowed to acclimate to the facility for one week. At first, the animals received a single injection of either saline or METH (10 mg/kg). This injection was followed after a month delay by a second injection of either saline or METH (2.5 mg/kg). This pattern of injections yielded four groups of rats: saline-pretreated and saline-challenged (SS); saline-pretreated and METH-challenged (SM); METHpretreated and saline-challenged (MS) and METH-pretreated and METH-challenged (MM), summarized in Figure S1 in File S1. Proper handling techniques were used to reduce stress to the animals during injections. Rats were euthanized at 2 hours after the second injection of either METH or saline. NAc tissues were dissected and immediately frozen on dry ice. The pattern of using a larger dose of METH followed by a second lower dose is consistent with studies in which single doses of either cocaine [120] or amphetamine [19] have been used to investigate biochemical sensitization to a second lower dose. Similarly, lower challenge doses of psychostimulants are used when measuring biochemical sensitization after repeated intermittent injections of increasing doses of either cocaine or amphetamine (see [121, 122] and references therein).
Initially, the brain was placed on its dorsal surface on a metal plate that was kept cold on crushed ice. The nucleus accumbens (containing both core+shell subregions) was dissected from the ventral surface of the brain. A wedge of brain tissue is obtained by cutting along two lines: one extending from the base of the lateral ventricle, through the anterior commissure to the medial edge of the lateral olfactory tract and the other connecting the base of the lateral ventricle and the base of the brain.
The tissues were kept at 270uC until they were processed for HPLC analysis or RNA extraction. All animal use procedures were according to the NIH Guide for the Care and Use of Laboratory Animals and were approved by the National Institute of Drug Abuse-/Intramural Research Program (IRP) Animal Care and Use Committee (NIDA/IRP-ACUC).
HPLC Analysis
Monoamine levels in the NAc were quantified by HPLC with electrochemical detection as described in our previous publications [5] .
Briefly, NAc was homogenized in 0.01 M HClO 4 and centrifuged at 14, 0006g for 15 min. DA, DOPAC, HVA, 5-HT, and 5-HIAA levels were measured by HPLC with electrochemical detection. The analytical column was SunFire C18 (5 mm particle size, 4.66150.0 mm) from Waters (Waters Corp., Millford, MA). The mobile phase was 0.01 M sodium dihydrogenphosphate, 0.01 M citric acid, 2 mM sodium EDTA, Figure 4 . An acute METH injection produces differential gene expression in METH-pretreated rats. This network of related genes was generated as described in figure 2 . Relationships between genes are also described in figure 2 . The rats were injected with METH (10 mg/kg) and were euthanized 2 hours after a second injection of METH (2.5 mg/kg) given one month later. The genes were from the MMvSS comparison shown in figure 1. (A) This network shows genes that participate in cell signaling and molecular transport. (B) Acute METH injection influences the expression of neuropeptides in METH-pretreated rats. Several transcripts including Avp, Cart, and Crh (CRF) showed upregulation after the second METH injection. Note some of the similarities between this network and the one shown in figure 2 . doi:10.1371/journal.pone.0084665.g004 The animals were treated and microarray analyses were performed as described in the text. The gene list was generated based on the following criteria: greater than +1.8-fold, p,0.01. The genes within each class are listed in descending order based on fold-changes in MMvMS comparison. doi:10.1371/journal.pone.0084665.t004 Figure 5 . METH induced changes in the expression of neuropeptides in the rat NAc. The figure shows the acute and more delayed effects of METH injections on the mRNA levels of (A) CRH, (B) CRHR1, and (C) CRHR2. The PCR data confirmed the changes in expression in CRH expression observed in the microarray data and document changes in CRH receptor expression. Rats were injected (4 rats in SS; 6 rats in SM; 7 rats in each MS and MM groups respectively) and total RNA was extracted from the NAc as described in the text. Statistical significance was determined by ANOVA followed by post-hoc tests. The null hypothesis was rejected at P,0.05. Key to statistics: * = P,0.05, ** = P,0.01; *** = P,0.001, in comparison to the SS group; ### = P,0.001, in comparison to the SM group; !!! = P,0. RNA extraction, microarray hybridization, and data analysis
Total RNA was isolated according to the manufacturer's manual using Qiagen RNeasy mini kit (Qiagen, Valencia, CA, USA). RNA integrity was detected using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and showed no degradation (see Table S1 in File S1 for details). Microarray hybridization was carried out using RatRef-12 Expression BeadChips arrays (22,523 probes) (Illumina Inc., San Diego, CA) essentially as previously described by our laboratory [5, 11] . Briefly, a 600 ng aliquot of total RNA from each NAc sample was amplified using Illumina RNA Amplification kit (Ambion, Austin, TX). Single-stranded RNA (cRNA) was generated and labeled by incorporating biotin-16-UTP (Roche Diagnostics, Indianapolis, IN). 750 ng of each cRNA sample were hybridized to Illumina arrays at 55uC overnight according to the Whole-Genome Gene Expression Protocol for BeadStation (Illumina Inc.). Hybridized biotinylated cRNA was detected with Cyanine3-streptavidin (GE Healthcare, Piscataway, NJ) and quantified using Illumina's BeadStation 500GX Genetic Analysis Systems scanner. The Illumina BeadStudio software was used to measure fluorescent hybridization signals and to subtract the background signal. Background subtracted data was imported into GeneSpring software v.12 (Agilent Technologies) and baseline normalization to the median values of each array (n = 24) were performed. The normalized data were used to identify changes in gene expression after the injection of METH. A gene was identified as significantly changed if it showed increased or decreased expression according to an arbitrary cut-off of 1.8-fold changes at P,0.01 using unpaired t-test in the GeneSpring statistical package. Similar criteria have been used successfully in Figure 6 . METH induced changes in the expression of neuropeptides in the rat NAc. The figure shows the acute and more delayed effects of METH injections on the mRNA levels of (A) Vasopressin, (B) Oxytocin, (C) CART, and (D) GnRH1 measured by quantitative PCR. The PCR data confirmed the microarray data. Key to statistics: * = P,0.05, ** = P,0.01; *** = P,0.001, in comparison to the SS group; # = P,0.05; ## = P,0.01; ### = P,0.001, in comparison to the SM group; !!! = P,0.001, in comparison to the MS group. doi:10.1371/journal.pone.0084665.g006 our other studies [5, 11] . The results are reported as fold changes calculated as the ratios of normalized gene expression data for METH-treated groups (SM, MS, and MM) in comparison to the control group (SS).
Quantitative polymerase chain reaction (qPCR)
A portion of the total RNA (0.5 mg) isolated from the NAc samples used in the microarray analysis (Table S1 in File S1) was reverse-transcribed with oligo dT primers using Advantage RTfor-PCR kit (Clontech, Mountain View, CA). qRT-PCR was performed as described previously [5, 11] with Roche LightCycler 480 II (Roche Diagnostics Corp., Indianapolis, IN) using iQ SYBR Green supermix (Bio-Rad, Hercules, CA). For all qRT-PCR experiments, individual data were normalized using the corresponding OAZ1 (ornithine decarboxylase antizyme 1) mRNA level. OAZ1 was used because its expression did not show any significant changes at any time points after the METH injection. The results are reported as fold changes calculated as the ratios of normalized gene expression data for METH-treated groups (SM, MS, and MM) in comparison to the control group (SS). The primers for RT-PCR were synthesized at the Synthesis and Sequencing Facility of Johns Hopkins University (Baltimore, MD, see Table S2 in File S1).
Statistical Analyses
All data are presented as means 6 SEM. Statistical analyses were performed using one-way ANOVA analysis followed by Fisher's protected least significant difference (StatView 4.02, SAS Institute, Cary, NC). The null hypothesis was rejected at p#0.05.
Supporting Information
File S1 Figure S1 , Pictogram showing the drug treatment schedule. Table S1 , RNA Integrity Number (RIN) of Samples. 
